Abstract-We report on the design for an electroabsorptionmodulated laser (EML) that can provide a high immunity to the optical signal reflected from its output facet without any fabrication complexity and performance compromise. In particular, we theoretically investigate the effects of residual facet reflection on the static and dynamic performances of the highspeed EMLs. For this analysis, an accurate and consistent timedomain transfer-matrix-based laser model is developed. Based on this model, we perform the steady-state and large-signal analyses for the EML with finite facet reflectivities. The simulation result indicates that the EML with a high-gain compression factor is capable of reducing the power fluctuation and facet reflectioninduced chirp under large-signal modualtion. Thus, it is desirable to design for increasing the damping of a distributed feedback (DFB) laser to realize the EML with a high immunity to this facet reflection. The simulation also shows that the effect of this facet reflection strongly depends on the phase condition between the optical signal reflected from the output facet and the light emitted from the DFB laser and, in particular, at that specific phase condition, a clear eye opening appears even at the relatively high-output facet reflectivity (i.e., R f = 1%).
applications as well as a 40-Gb/s transmitter for the veryshort-reach (i.e., 2 km) application. Recently, there have also been many interests in utilizing the 4-channel EML array (each operating at 25 Gb/s) as an optical transmitter in the 100-Gb/s Ethernet system with the maximum reach of up to 40 km [1] , [2] . For the use of EML in these applications, a clear eye opening even under a large-signal modulation should be provided. However, a reflected optical signal from the output facet of EML can perturb the lasing condition of a distributed feedback (DFB) laser, which, in turn, causes unwanted power fluctuations and a large chirp of the output signal under modulation [3] . It has been recently reported that this facet reflection can also cause a large peak or valley in the frequency response [4] [5] [6] and degrade the signal quality [6] . This problem is a critical issue for the design of a high-speed EML, since it frequently occurs in a DFB laser integrated with a short electroabsorption modulator (EAM). There are several chirp-reduction methods commonly used to avoid such an influence in the EML [4] , [7] [8] [9] . For example, it has been reported that the facet reflection-induced chirp (i.e., DFB chirp) can be reduced by decreasing the reflectivity of the output facet to less than ∼2×10 −4 [7] . However, it is difficult to decrease the reflectivity to such a low value without utilizing a window structure [8] or a tilted waveguide [4] and accurately controlling the thickness of the dielectric coating materials. This influence can also be alleviated by realizing DFB lasers with high immunity to an external feedback (i.e., high κL DFB laser and complex-coupled (CC) DFB laser) [9] . However, in spite of their improvement in the reflection immunity, this method is still debatable since the use of high κL DFB lasers can result in the reduction of output power and the degradation of single-mode stability due to the longitudinal spatial holeburning (LSHB) [10] , and that of CC DFB lasers can make it much harder to control the lasing wavelength accurately. On the other hand, from an operational point of view, it is wellknown that this influence can be suppressed by increasing the bias voltage of an EAM. This is equivalent to a decrease in the detuning between the lasing wavelength of a DFB laser and the absorption peak wavelength of an EAM. In this case, however, the output power is reduced due to the increase of the absorption of the EAM. Considering all the methods described above, it is extremely difficult to design the EML having the capability of suppressing this influence without increasing fabrication complexities and/or compromising other important performances such as the output power, single-mode stability, and wavelength controllability. Nevertheless, we note that the power and wavelength of the output signal are fluctuated with the maximum magnitude at the relaxation oscillation frequency of the DFB laser under this facet reflection and, in principle, this resonance depends on the device parameters and operational condition. In this respect, it may be possible to reduce such fluctuations by weakening the relaxation oscillation, which can be achieved by increasing the damping effect of a DFB laser. This design concept is somewhat different from that of the directly modulated DFB laser for high-speed operation since this damping effect can decrease a direct modulation bandwidth [11] . Thus, in this paper, we intend to verify our proposal and identify its effectiveness by systematically investigating the effects of the residual reflection on the device performances of EML. For this investigation, an accurate large-signal model capable of describing both the intensity and phase of the optical signal in the integrated laser is required. Various time-domain laser models, based on coupledwave equation and carrier rate equation, have been reported [12] [13] [14] [15] . For example, B. Kim has proposed a split-step timedomain model (SS-TDM) to improve the problem of L. M. Zhang's model [12] (which exhibits a large error and instability in the output power when the Bragg condition is deviated) by satisfying the energy conservation of the temporally changed slowly varying waves compulsorily [13] . However, since this model utilizes the fast numerical convergence without any appropriate estimations of the wavelength shift caused by the lasing condition changes, it is insufficient to describe the properties of the EML precisely.
M. G. Davis has proposed a time-dependent transfer matrix method (TD-TMM) and analyzed the dynamic properties of the multielectrode DFB lasers [14] . In his model, the dynamic wavelength shift (i.e., chirp) is considered to be caused by the deviation from Bragg condition and the shift of the Bragg wavelength itself under the direct modulation. The deviation from Bragg condition can be obtained from the minimum condition of the element (2, 2) of the overall transfer matrix including the laser structure, while the shift of the Bragg wavelength itself (due to LSHB) can be found from the change of the average value in the carrier density distribution. Estimating from the fact that the zero condition of the element (2, 2) of the overall transfer matrix is the same as the lasing condition of the perfect open resonator, it is reasonable to extract the dynamic wavelength shift from the minimum condition since the change of the element (2, 2) of the overall transfer matrix corresponds to the variation of the lasing condition under the modulation. Y. Kim has reported a complete large-signal model for the EML by combining Zhang's chirp model (i.e., EAM chirp) and Davis's model (i.e., DFB chirp) to describe the dynamic properties of the 10-Gb/s EML [15] . This model shows similar results between the calculation and the measurement in the output power and chirp for various bias voltages. However, the fluctuations of the calculated output power and chirp are considerably underestimated (i.e., Fig. 10 in [15] ). In addition, the validity of the Davis's model (i.e., using the minimum condition of the element (2, 2) of the overall transfer matrix) is limited to the open resonator with zero reflectivities at both facets [16] . Thus, in this paper, we develop a large-signal model Fig. 1 . Schematic diagram of an EML. I DFB and V EAM (t) are the current injected into DFB laser and the voltage applied to the EAM, respectively. P f (t) and λ f (t) denote the power and the wavelength of output signal, respectively.
for the EML having non-zero facet reflectivities. For this purpose, we first develop an accurate time-domain laser model based on our previous time-independent transfer-matrix-based laser model [17] . In this model, the dynamic wavelength shift involves the temporal change of the lasing condition along the cavity and the instantaneous phase change of the output field under modulation. The former is obtained from the minimum condition of the Wronskian term (i.e., the determinant of the overall transfer matrix) for the structure and the latter by differentiating the phase of the complex slowly varying wave at the output facet. Unlike the Davis's model, the shift of the Bragg wavelength caused by LSHB is considered without any additional modeling in this model because the transfer matrices of the DFB region contain the refractive index change caused by the non-uniform carrier distribution along the cavity. In addition, this model enables us to analyze the static and spectral properties by using the (nominal) zero condition of the Wronskian term under the CW condition, as in our previous steady-state model. Based on this model, we investigate the effects of the residual reflection on the device performances by analyzing the static and large-signal performances of the EMLs for various parameters and conditions. The simulation result indicates that the EML having a high gain compression factor is capable of reducing the power fluctuation and facet reflection-induced chirp under the large-signal modualtion. In addition, using this model, we find several distinctive features including the effects of the interference between the optical signal reflected from the output facet and the light emitted from the DFB laser, the damping effect in high κL structure, and the operating condition insensitive to this facet reflection.
The rest of this paper is organized as follows. In Section II, the theoretical time-domain transfer-matrix-based laser model of the EML is described in details. The simulated results obtained by using this model are shown in Section III. Finally, this paper is summarized in Section IV.
II. DEVICE STRUCTURE AND THEORETICAL MODEL Fig. 1 shows a schematic diagram of the EML analyzed in this paper. The device consists of a λ/4-shifted DFB laser, a bridge waveguide (BWG), an EAM, and an output waveguide (OWG). The BWG is used for the electrical isolation between the DFB laser and EAM and for the prevention of the degradation in frequency response by the photo-generated carrier accumulation in the isolation region in between the DFB laser and EAM [18] , [19] . The OWG can be used for realizing the tilted waveguide for additional reduction of output facet reflectivity or the spot-size converter for the improvement of fiber coupling efficiency.
The optical light reflected from this facet is coupled back into the DFB laser between the on and off states of the EAM, which can lead to perturb the lasing condition of a DFB laser. To examine such an effect in this integrated laser, we have developed a time-domain transfer-matrix-based laser model composed of various longitudinal regions. To consider the LSHB, we divided each region into small sections of length z and assumed all variables in each section to be constant. In EAM region, the changes of absorption coefficient α absp (t) and refractive index n absp (t) as a function of the applied voltage V E AM (t) are considered. In this model, we neglected the thermal effect, noise characteristics, and electrical parasitics including the RF property of an EAM [20] and the bondingwire [21] .
A. Time-Domain Transfer-Matrix-Based Laser Model
The electric field in this laser can be approximated by
(1) where E 0 (x,y) is the electric field of the guided-mode which depends mainly on the waveguide structure, and F(t, z) and B(t, z) are the time-dependent slowly varying forward and backward propagating waves along the longitudinal direction z, respectively. In addition, β 0 and ω 0 are the propagation constant and the angular frequency at a Bragg wavelength of λ B . Fig. 2 shows the schematic diagram of a time-domain transfer-matrix-based model and the relation between F(t, z) and B(t, z) within the section of z during the time interval of t. In this model, assuming that the medium remains unchanged over t and the group velocity is constant, F(t, z) and B(t, z) from z = 0 to z = L at t o and t o + t are related by the transfer matrices expressed by
where [T(t 0 , L)] is the overall transfer matrix at t = t 0 .
[T(t, L)] can be written as follows:
where [T i (t 0 , j)] is the transfer matrix of the j (= 1, 2, . . . , p) section of the i region at t = t 0 , and subscript i (= 1, 2, 3, 4) stands for DFB laser, BWG, EAM, and OWG, respectively. In addition, [D] is a matrix representing the reflection induced by the refractive index difference between the regions and [P] is the matrix representing the phase shift of DFB laser.
[T i (t, j)] can be written as follows:
where
where α i (t, j) and δ i (t, j) denote the amplitude gain and detuning from the Bragg condition, respectively; κ and are the coupling coefficient and initial grating phase of the DFB region; i and α i are the optical confinement factor and optical loss of each region; g(t, j) is the material gain of a DFB laser; and α absp (t) is the material absorption coefficient of an EAM.
[D i ] can be written as follows:
When we know all spatial field distributions at t = t o , the field distributions at t = t o + t can be obtained consecutively by
where F(t o + t, z = 0) and B(t o + t, z = L) can be obtained by the boundary conditions:
where r L and r R are the reflection coefficient at z = 0 and z = L, respectively. In a semiconductor laser, g(t, j) and n eff,i (t, j) are varied with the carrier density N(t, z), photon density S(t, z) (= |F(t, z)| 2 + |B(t, z)| 2 ), and a lasing wavelength of λ(t). According to [17] and [22] [23] [24] , they can be modeled as follows:
where a 0 , a 1 , and a 2 are the linear differential gain, gain curvature, and differential peak wavelength, respectively; N 0 is the transparent carrier density; λ p0 is the gain-peak wavelength at transparency; and ε is the gain compression factor. In (15), the first term n eff0,i represents the effective refractive index without a carrier injection. The second and the third terms indicate the dispersion property of the cavity and the refractive index change caused by the carrier injection, respectively, n g is the group refractive index, and α H is the linewidth enhancement factor. The fourth term represents the modal refractive index change induced by the variation of the absorption in the EAM. Under a uniform injection current I DFB , the carrier distribution at t = t o + t can be obtained through a time-dependent rate equation as (16) where η the injection efficiency, e is the electron charge, V is the volume of the active region, τ e (t, z) (= A + BN(t, z) + CN(t, z) 2 ) −1 is the carrier lifetime, where A, B, and C are the material recombination coefficients, and v g is the group velocity.
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From all information at t = t 0 , i.e., F(t o , z = 0 to L), B(t o , z = 0 to L), N(t o , z = 0 to L), and λ(t 0 ), the complex field distributions at t = t o + t, i.e., F(t o + t, z = 0 to L) and B(t o + t, z = 0 to L), can be updated using (2), (12) , and (13) , and the carrier distribution of t = t o + t, i.e., N(t o + t, z = 0 to L), can be updated using (16) . With this updated information, λ(t o + t) can be obtained by finding the value at the minimum condition of Wronskian term. W(λ(t)) can be expressed as follows [16] :
where T mm(=1,2) (t, L) is a matrix element obtained from the overall transfer matrix [T(t = t 0 + t, L)], and Det is the matrix determinant. In this equation, it is noted that Wronskian term will become T 22 (t, L) at the condition of r L = r R = 0, like Davis's model. The output power from the front-facet P f , expressed in (18) , is obtained by updating F(t, z = L) and λ(t)
where h is Plank constant and c is the velocity of light in free space. A 4 (= d 4 w 4 / 4 ) represent the effective cross-sectional area of an OWG (i.e., i = 4), and d and w are the thickness and width of the waveguide core layer, respectively. The output wavelength λ f (t) consists of the lasing wavelength λ(t) and the instantaneous wavelength shift λ inst (t). They can be expressed by
where Imag represents the imaginary part of complex value.
B. Changes of Absorption Coefficient and Refractive Index in EAM
Before performing an analysis of the EML, we must first estimate the absorption coefficient and refractive index change as a function of the applied voltage. Since these two parameters have a significant effect on the operational properties such as the output power, extinction ratio, and transient chirp, a careful design is required. When we apply reverse-biased voltage across the multiple-quantum well (MQW) of an EAM, the absorption at the lasing wavelength (located at the longer wavelength side of the absorption peak) is increased by the effect of a red-shift of the absorption peak and its broadening (i.e., quantum confined stark effect). To model this effect, we first analyzed the energy levels between the electron and holes in a conventional InGaAsP QW by solving the Schrödinger equation, which includes a Coulomb interaction by the exciton (i.e., exciton binding energy), and then utilized the absorption models for the exciton and continuum states [25] . In this model, the line-width broadening factors were used as fitting parameters. The absorption-induced refractive index change was obtained through the Kramers-Kronig relation [12] . Fig. 3 shows the calculated absorption spectra α absp and the refractive index changes n absp of the designed QW structure (i.e., 9.5 nm-thick QW with the bandgap wavelength of about 1.285 μm) for various values of the applied voltage. Absorption peak wavelength appears near the wavelength of 1.24 μm at zero bias voltage. As we intended, the absorption spectrum becomes red-shifted and broadened with the increase of. The calculated overall shapes in the absorption coefficient and refractive index change were similar to the measured ones in [7] except the wavelengths. Refractive index change 4 shows α absp and n absp for the wavelengths of near 1.3 μm as a function of |-V E AM |. This figure indicates that, as the voltage increases, α absp increases gradually to the saturation level, and n absp increases slightly and then decreased rapidly. For the dependence on the operating wavelength, it is shown that, as the detuning decreases, the absorption coefficient at zero-bias voltage (i.e., the insertion loss of an EAM) increases, the ratio of absorption change with the voltage (i.e., the extinction ratio) increases, and the absorptionsaturation voltage decreases. On the other hand, it is interesting to note that the negative slope of n absp with the voltage (near the voltage |-V EAM | of 2.8 V) can induce negative chirp [18] . 2 for the output facet reflectivity R f of 0.0%, 0.1%, and 1%. In this simulation, the voltage applied to an EAM V EAM is 1.1 V, the current injected to the DFB laser I DFB is 100 mA, and 2 / n eff0,2 is 966.64 rad.
III. SIMULATION RESULTS
The optical light reflected from the output facet will experience the changes in the intensity (mainly by the output facet reflectivity and the absorption of an EAM) and in the phase (by the optical path length). This light will be coupled with the light emitted from the DFB laser and, as a result, changes the lasing (amplitude and phase) condition. To express the phase change of this reflected light effectively, we introduce a phase parameter 2 (= k 0 L 2 n ef f 0,2 , where k 0 is the wave number at a Bragg wavelength and n ef f 0,2 is the refractive index change of region 2 (i.e., BWG)). The steadystate and large-signal analyses for the EMLs with the nonzero reflectivity at the output facet have been performed by numerical simulations using the parameters listed in Table I . Fig. 4 shows the variations of threshold current I th and slope efficiency P f / I of the EML with the normalized coupling coefficient κL 1 of 2 as a function of phase parameter 2 for the output facet reflectivity R f of 0.01, 0.1, and 1%. The slope efficiency was obtained at the DFB current of 100 mA. The bias voltage of EAM is -1.1 V (i.e., off state of the EAM). This figure shows that, as the 2 is changed, I th and P f / I are varied periodically, and these variations are larger with the increase of R f . The period of these variations is about 2 rad where n ef f 0,2 is changed to 2.07×10 −3 at the L 2 of 200 μm.
A. Simulation Results of Steady-State Analysis for EMLs
For these variations with the phase parameter 2 , they can be classified into three phase conditions: in-phase (which results in the decrease of the threshold current I th and slope efficiency P f / I near 2 of 0.8 rad), anti-phase (the κ increase of I th and P f / I near 2 of -1 rad), and orthogonal condition (little change of I th and P f / I near 2 of -0.2 rad). The slight differnece of 2 in each condition for different R f s results from the variation of effective refractive index in the DFB laser due to the change of threshold carrier density. For each phase condition, the Anti-phase cond. Orhtogonal cond. In-phase cond. Fig. 6 . Calculated longitudinal distributions of photon densities along the cavity S(z) for different phase conditions. In the simulation, R f of 1%, V EAM of -1.1 V, and I DFB of 100 mA were used. variation of I th can be explained by the change of threshold condition in the DFB laser (i.e., the change of threshold carrier density). Fig. 5 shows the longitudinal distributions of photon densities along the cavity for different phase conditions. It is very interesting that the anti-phase condition (with higher I th ) provides the higher output power than the in-phase (with lower I th ) due to higher P f / I. From this result, the variation of P f / I with respect to the phase conditon can be explained by the change of the effective reflectivity in between DFB laser and BWG (i.e., z = 450 μm). Therefore, we conclude that the phase of the reflected light from the output facet can change the photon distribution along the cavity (which has an effect on P f / I) as well as the threshold condition (I th ).
On the other hand, under the steady-stae analysis, it can be necessary to investigate the variations of the lasing wavelength and output power for the EML with different coupling coefficients since some other analysis based on the static model could explain the fact that high κL EMLs have high immunity to an external feedback [9] . Fig. 6 shows the lasing wavelength and output power of the EMLs with the normalized coupling coefficient κL 1 of 1.25, 2, and 3 as a function of 2 . The injection current was adjusted for the averaged output power (i.e., the output power at zero output facet reflectivity) to be 10 mW. This figure indicates that, as κL 1 increases, the variation of lasing wavelength is considerably reduced (mainly due to the small variation of threshold carrier density), but that of the output power remains nearly unchanged except the phase difference. The reason for this unchanged power variation is that a high κL structure causes a large variation of the photon distribution even at the relatively small variation of the threshold carrier density (i.e. the threshold gain). From this result, we think that it is impossible for the analysis based on the static model to completely explain about the effect of the coupling coefficient on the feedback immunity.
B. Simulation Results of Large-Signal Analysis for EMLs
To perform the large-signal analysis, the voltage applied to the EAM was modulated with the raised cosine shape [15] (V p− p = 1.8 V) and its rise and fall time was 25% of the pulse width. In this simulation, all initial values at t = 0 was obtained from the steady-state condition. The chirp λ f (t) was obtained from the relation λ f (t) = λ f (t)-λ f (t = 0). Fig. 7 and Fig. 8 show the output power and chirp of the EML with κL 1 of 2 for the R f of 0.01, 0.1, and 1% at the data rate of 10, 25, and 40 Gb/s under the in-and anti-phase conditions, respectively. The phase parameter 2 of each phase condition was obtained by performing the steady-state analysis at the off state of the EAM (i.e. V E AM = −1.1 V). For all data rates and phase conditions, as the R f increases, the output power fluctuation and reflection-induced chirp (i.e., DFB chirp) are shown to be increased. The freqeuncy of these fluctuations (or ripples) was about 9 GHz which corresponds to the relaxation oscillation frequency of DFB laser. As the data rate (i.e., modulation speed) increses, the power fluctuation and transient chirp are also shown to be increased and, in particular, these tend to be seriously affected by the previous data patterns. In comparison between the in-and anti-phase conditions, the direction (or sign) of addiabtic chirp is opposite while that of transient chirp is the same. Besides, the output power fluctuation and chirp of the in-phase condtion are smaller than those of the anti-phase condtion at the same reflectivity. Fig. 9 shows the output power and chirp of the EML with κL 1 of 3 under the same condition of Fig. 8 . Compared to the results (of the EML with κL 1 of 2) shown in Fig. 8 , the output power fluctuation and reflection-induced chirp are reduced considerably, unlike the steady-state analysis. For this result, something important to notice here is that the high κL structure contains large amounts of photon densities within the DFB region and, in particular, these photon densities are concentrated at phase-shift. These attributes in the high κL structure suppress the optical gain through nonlinear gain mechanism (i.e., gain suppression factor in (14)), which, in turn, increase the damping and weaken the relaxation oscillation under the modulation. Therefore, we can conclude that the main mechanism for the reduction of the power fluctuation and reflection-induced chirp (i.e., high immunity to external feedback) in the high κL structure is the damping effect due to κκκκ the gain saturation. From this point of view, such reductions of the in-phase condition can also be explained by an increase in the gain saturation resulting from the increase of photon densities within the DFB region, as shown in Fig. 5 .
As a result, it is expected that a high damping structure can be realized by increasing the gain compression factor itself. To confirm this, we examined the dependence on the gain compression factor for the EMLs with the same κL 1 . Fig. 10 shows the output power and chirp of the EML with κL 1 of 2 for the various gain compression factors at a data rate of 25 Gb/s under the in-and anti-phase conditions. As we expected, it is clearly shown that, as the gain compression factor increases, the output power fluctuation and DFB chirp are reduced. Fig. 11 shows eye diagrams of the EML with κL 1 of 2 at the data rate of 10, 25, and 40 Gb/s under the in-phase, orthogonal, and anti-phase conditions. This figure shows that, as the data rate increases, the fluctuations of 1's level in the output power κincrease. In particular, relatively larger fluctuations are shown under the anti-phase condition. Under the orthogonal condition, low fluctuations of 1's level (i.e., clear eye openings) appear even at the output reflectivity R f of 1%. This is very interesting result. When we realize the phase control section (PCS) within the BWG, it is possible to control to be operated at this condition. For the conventional EML without this PCS, it can also be observed experimentally by finding the cetrain operating condition (i.e., the current of DFB laser or the voltage of EAM) in which a clear eye pattern appears at the relatively high reflectivity (i.e. R f ∼1%).
IV. CONCLUSION
We investigated the effects of the residual facet reflection on the static and dynamic properties of the EML theoretically. For this analysis, we developed the accurate and consistent timedomain transfer-matrix-based laser model of the EML. Based on this model, we performed the steady-state and large-signal analysis for the EML with the non-zero output facet reflectivity for the various device parameters and operational conditions. It was found that the EML having a high gain compression factor can reduce the power fluctuation and facet reflectioninduced chirp under the large-signal modualtion, which results from the increase of damping effect of DFB laser. As for the realization of the high damping laser, we think that it can be desirable to use the quantum dot (or dash) as an active region in DFB laser or to design the active region (i.e., quantum well and separate-confinement hetero-structure (SCH) layer) which can provide high damping [11] , [26] . In addition, through these simulation, various distinctive features were found as follows:
1) The optical light reflected from the output facet changes the longitudinal distribution of photon densities along the cavity (above threshold condition) as well as the threshold carrier density (i.e., threshold condition) through the variation of its phase. As a result, these changes cause the variations in the slope efficiency (via the photon distribution) and threshold current (via the carrier density). 2) In comparison between in-and anti-phase conditions between this reflected light and the light emitted from the DFB laser, the direction (or sign) of adiabatic chirp was opposite while that of transient chirp was the same. In particular, under the anti-phase condition, relatively higher output power was obtained at the same DFB current under the steady-state but larger power fluctuation was shown at the same averaged output power (i.e., the output power at zero output facet reflectivity) under the large-signal modulation. 3) For the same device structure, as the modulation speed (i.e., data rate) incresed, the power fluctuation and transient chirp were increased and tended to be more affected by the previous data patterns. 4) As the κL increases, the power fluctuation and reflection-induced chirp were considerably reduced under the large-signal modulation. For this result, it was identified that such a reduction is originated from the increase of the damping due to the gain saturation. 5) Under the orthogonal condition, a clear eye opening appears even at the output reflectivity R f of 1 %. 
